Objective: To review our multicenter experience with cyclophosphamide in the treatment of children with multiple sclerosis (MS).
subset of patients experience an aggressive form of disease resulting in early neurologic and cognitive disability. 16 Acute relapse-related care for pediatric MS typically involves IV corticosteroids. 17 IV immunoglobulin (IVIg) and plasma exchange are employed in refractory cases. 18, 19 Beta-interferon and glatiramer acetate have been used as prophylactic therapy with reasonable success in children [20] [21] [22] ; however, some children fail firstline treatment, as evidenced by ongoing relapses, MRI activity, and disability accrual, requiring second-line therapy.
We present our multicenter experience with the use of cyclophosphamide for children with severe relapses or MS disease activity unresponsive to conventional diseasemodifying therapies.
METHODS A retrospective analysis of all children with relapsing CNS demyelination, categorized as relapsing remitting multiple sclerosis (RRMS) or secondary progressive multiple sclerosis (SPMS) as per recent international guidelines, 23 treated with one or more doses of cyclophosphamide was performed. SPMS was defined by the accrual of sustained physical disability (present for 6 months or longer) in the absence of clinical relapses.
All children were cared for at Brigham and Women's Hospital, Boston, MA; Childrens' Hospital of Boston, MA; Massachusetts General Hospital, Boston; or The Hospital for Sick Children, Toronto, Canada, between January 1990 and April 2008. Clinical data were retrieved through review of the established clinical databases at each center and by chart review.
Demographic data collected included age, sex, and ethnicity. The dosing regimen and total dose of cyclophosphamide administered to patients was recorded. Expanded Disability Status Scale (EDSS) scores; annual relapse rates before, during, and after treatment with cyclophosphamide; and all reported side effects were determined. All available laboratory results were recorded.
For each patient, all brain MRI scans obtained from 12 months before initiation of cyclophosphamide and up to 12 months after treatment were reviewed. Scans were scored at each institution using a predefined standardized MRI scoring protocol.
The internal review board of each involved hospital approved this study.
RESULTS

Patients.
Baseline patient characteristics are summarized in table 1. All 17 children were initially diagnosed with RRMS, and two had entered SPMS at the time of cyclophosphamide therapy. The 17 children had a mean age at first cyclophosphamide use of 15.0 years (range 9.1 to 18.4 years) and mean disease duration of 3.1 years (range 0.3 to 6.4 years). Ten children (59%) were girls and 7 (41%) were boys. Nine children (53%) were Caucasian and 8 (47%) were non-Caucasian. EDSS scores at treatment initiation were available for 16 children and mean EDSS was 3.7. All children had worsening of EDSS scores or multiple relapses in the year before therapy. Of the 16 children with available information, there were a total of 51 relapses in the year before the initiation of cyclophosphamide. Four children had an EDSS of 6.0 or higher. Fourteen of 16 children (88%) had previously been treated with interferon-beta or glatiramer acetate; nine children were treated with more than one diseasemodifying therapy before the cyclophosphamide initiation, and of these, two were treated with mitoxantrone.
Cyclophosphamide administration. Three regimens for cyclophosphamide administration were employed at the discretion of the responsible physicians (table 2): 1) an induction regimen of five doses provided over 8 days (dosing predicated by white blood cell counts) followed by monthly pulse treatments; 2) a single induction course of five doses over 8 days; or 3) monthly cyclophosphamide administration without induction. In general, cyclophosphamide was administered at 600 to 1,000 mg/m 2 per dose and the minimum dose required to achieve lymphopenia (nadir total white blood cell count less than 3,000/mm 3 or between 1,500 and 2,000/mm 3 , depending on the institution) was used to guide subsequent maintenance treatments. Table 2 outlines the treatments provided to all 17 children. Fifteen children (88%) received monthly pulse therapy and 8 of the 15 (53%) received an induction course of cyclophosphamide prior to monthly maintenance treatment. Two children received induction courses or single doses only without maintenance treatments at times of acute exacerbations. Two families declined monthly maintenance therapy due to significant alopecia postinduction. One of these children later underwent retreatment with induction and monthly therapy. Eight children (53%) who received monthly cyclophosphamide treatments received concomitant therapy with at least one other disease-modifying agent. This was usually initiated near the end of the treatment course in order to facilitate transition back to standard therapy.
Response to treatment. Fourteen children received monthly maintenance cyclophosphamide therapy with or without an induction course (table 2) . Clinical response to treatment was measured by relapse rates and changes in EDSS scores. MRI disease activity was measured by the presence of new T2 lesions and the presence of lesions that enhanced with gadolinium. Patient 5 was excluded from the analysis of treatment effect due to lack of clinical information. Patients 13 and 16 received induction courses only and will be discussed separately. Before cyclophosphamide treatment, the 14 children had a mean of 3.8 relapses per year. In the first year of cyclophosphamide therapy, seven children remained relapse-free and mean annual relapse rate was 1.1 (figure, A). One year after treatment completion, three children remained relapse-free, and annualized relapse rate calculated from 12 children was 1.6. Of 12 children with available data, 10 (83%) showed stabilization or improvement in EDSS over the course of cyclophosphamide treatment and mean change in EDSS was a reduction of 1.3 points (figure, B). Only one child had an EDSS 6 or higher at the end of treatment. Before cyclophosphamide treatment, all 14 children had new T2-weighted lesions on brain MRI scans and 10 of 11 children (91%) who received gadolinium had enhancing lesions. In the first year of cyclophosphamide therapy, 12 children had brain MRIs performed. Nine of these children (75%) continued to display new T2 lesions. Gadolinium was administered to 9 children and 5 (67%) had new enhancing lesions while on treatment.
Patient 13 received two cyclophosphamide induction courses during acute exacerbations, but did not receive any monthly therapy. While he continued to have new T2 lesions on subsequent MRI scans, after each induction course he remained relapse-free for over 1 year on monotherapy with glatiramer acetate.
Patient 16 received an induction course, but declined monthly therapy due to severe alopecia. She had had two clinical relapses and worsened EDSS in the year prior to treatment initiation. One year following her induction course, her EDSS improved from 3.5 to 1.5 and she had one further clinical relapse with new T2 lesions on MRI. She continues on interferon-beta treatment.
Children were followed for a mean of 2.7 years following cyclophosphamide treatment (range 0 -14 years). Of the 17 children, 7 (41%) remained treated with a single standard first-line therapy. One child was not on any disease-modifying agents 1 year after cyclophosphamide. The remaining 9 children (53%) required combination therapy or treatment with a second-line therapeutic agent.
Cyclophosphamide tolerability. Short-term and longterm treatment-related side effects are summarized in table 3. Fifteen children (88%) experienced some nausea or vomiting that in one case was prolonged (beyond 5 days post-treatment). All children achieved lymphopenia, consistent with therapy goals. Anemia was present in 10 children and thrombocytopenia was present in 3 children, one of whom was diag- Leukemia 0
Hemorrhagic cystitis 0
Bladder cancer 1
Other cancer 0 *Bloodwork for one child was done out of country and results were unavailable (n ϭ 16). nosed with idiopathic thrombocytopenic purpura. One child had bloodwork performed out of country and so laboratory values for this child were unavailable for review. Ten children reported reversible alopecia or hair thinning and in two cases this was severe enough to discontinue therapy. Three infections requiring antibiotic therapy were reported: two central line infections and one urinary tract infection. Other reported side effects are listed in table 3. Evaluation of long-term complications revealed that three girls reported amenorrhea and one developed sterility as determined by fertility testing. Fertility was not formally assessed in the majority of patients, and the current young age of many patients necessitates ongoing observation to determine if fertility has been impacted. Two children had osteoporosis documented by bone density scans; however, this may be related to concomitant administration of steroids with cyclophosphamide and the use of multiple steroid courses for relapses. There were no reported fractures. One adolescent who had received a total of 72.7 g of cyclophosphamide over a period of 8 years developed hematuria, transitional cell carcinoma of the bladder, and a papillary tumor, which was successfully treated with intravesicular BCG. No other malignancies were reported. DISCUSSION We have described our retrospective multicenter experience with cyclophosphamide in the management of children with severe MS. Cyclophosphamide therapy was associated with improvement in relapse-related neurologic deficits when administered acutely and with marked reduction in relapses and stabilization of EDSS scores in the majority of children receiving induction or maintenance therapy.
Childhood-onset MS is relatively rare and available literature on therapy is limited to retrospective studies of first-line disease-modifying treatments. [20] [21] [22] Although no standardized approach to the definition of treatment success, or failure, exists, there is a cohort of children who will continue to worsen on firstline treatment. Indeed, defining and identifying treatment failure has been a difficult task in the adult MS population, and a multitude of definitions have been used. The presence of continued relapses and formation of new MRI lesions despite therapy are generally considered indicators of refractory disease. Other important indicators of refractory disease, particularly for the consideration of cyclophosphamide treatment, are the presence of poor recovery from relapses and disease progression in the absence of relapses. In the majority of the cases we described, children experienced either poor recovery from relapses or progressive disease, as evidenced by increased EDSS scores in the year prior to cyclophosphamide initiation.
In our cohort, cyclophosphamide treatment reduced relapse rate and stabilized disability scores in the majority of patients. New gadolinium-enhancing and T2 MRI lesions were present even in the first year following cyclophosphamide initiation, suggesting that the onset of therapeutic effect may be delayed and incomplete. Although beyond the scope of this study, quantitative lesion analyses are required to determine the extent of cyclophosphamide effects on MRI parameters in children. We observed that over 50% of patients with over 1 year of follow-up after the cessation of therapy continued to experience frequent relapses and required additional second-line treatments, suggesting that cyclophosphamide treatment did not induce a permanent suppression of the inflammatory process in this cohort of pediatric MS patients. Our results may differ from observations in adults 1 because of the selection of a particularly active pediatric MS population, or may be due to key differences in the immunologic response in children compared to adults, a hypothesis which requires further exploration.
Forty-one percent of children treated with cyclophosphamide were non-Caucasian in ethnicity. Several studies examining the effect of race on MS-associated disability in the adult population have demonstrated increased levels of disability in African American patients. [24] [25] [26] We have reported on the more diverse ancestry of pediatric MS cohorts, relative to adult-onset MS populations, 14, 27 raising the possibility that ethnicity may influence disease severity, either defined by the early onset of MS, or by an aggressive disease course. Larger, multinational studies are required to validate this observation.
Cyclophosphamide therapy was associated with several adverse events in our cohort, the most significant being the development of bladder carcinoma. Risk of bladder carcinoma has been linked to cumulative cyclophosphamide dosage of 100 g or more. 28 Long-term follow-up of patients treated with cyclophosphamide demonstrated an increased risk of bladder carcinoma as long as 17 years post-treatment, 29 necessitating lifelong surveillance in exposed patients. Use of Mesna during the treatment period may help to reduce the incidence of hemorrhagic cystitis and bladder cancer. The risk of secondary lymphoma or leukemia and other malignancies are also a concern for children exposed to cyclophosphamide, and these risks may be partially dependent on the total cumulative dose. 29 Concomitant steroid administration improves tolerability, but increases the risk of osteoporosis, which was a significant finding in our cohort.
Risk of infertility is an important consideration, and must be balanced with potential benefits of treatment. A study in childhood cancer survivors found that cyclophosphamide exposure between the ages of 13 and 20 years was an independent risk factor for acute ovarian failure. 30 In females, postpubertal exposure seems to pose a higher risk to fertility than prepubertal exposure. 31, 32 Analyses of cyclophosphamide use in adults suggest that female infertility may be associated with cumulative dose received and patient age. 33, 34 GnRH agonists such as leuprolide acetate have been shown to reduce the risk of premature ovarian failure, 35 and should be considered at the time of treatment initiation. Studies from the pediatric oncology literature suggest that cyclophosphamide administered both before and after puberty pose risks to male fertility in later life. 36, 37 Sperm cryopreservation should be considered in postpubertal males.
Although our retrospective study provides important information regarding the safety profile of cyclophosphamide in pediatric MS, we recommend that a prospective, multicenter study of cyclophosphamide in patients with refractory disease be considered to better define treatment outcomes. In our study, 15 of 17 patients experienced two or more relapses in the year prior to cyclophosphamide initiation, and therefore, these criteria may be used as a guideline to define refractory disease. Of the two cases that did not fit this definition, patient 3 had sequential MRIs with new lesions, and patient 17 progressed by 0.5 EDSS points to a pretreatment EDSS of 7 in the 9 months prior to cyclophosphamide initiation, and also demonstrated new lesion activity on MRI. Future clinical trials may consider a treatment length of 6 -12 months, and response should be evaluated at 6-month intervals, clinically and by MRI, to follow potential clinically silent lesion accrual. Cumulative lifetime dose should be limited to 80 g to minimize side effects. Our results suggest that for patients undergoing a severe relapse unresponsive to corticosteroids, IVIg, or plasma exchange, an induction course of cyclophosphamide may be considered; however, prospective studies are required to definitively determine efficacy.
Our study did not examine use of cyclophosphamide in monophasic pediatric demyelinating diseases, and we cannot comment on a role for cyclophosphamide in children with disorders such as acute disseminated encephalomyelitis. Efficacy of cyclophosphamide treatment has been reported in children with severe transverse myelitis. 38 The recent availability or imminent availability of novel immunomodulatory and immunosuppressive agents, such as natalizumab, rituximab, daclizumab, alemtuzumab, and cladribine provide potential fu-ture avenues for children requiring more intensive MS therapy. However, the risk of progressive multifocal leukoencephalopathy, severe infections, melanoma, and other malignancies is a major concern, particularly in the context of an immature immune system or in a population of patients experiencing primary exposures to viral infections, such as the JC virus. These risks must be compared to those experienced by children and adults exposed to cyclophosphamide, particularly the risks of bladder cancer and secondary malignancies as well as infertility.
While cyclophosphamide remains a second-line agent in the care of children with MS, it may have an important role in the treatment of some of the most severely affected children. Further studies will be needed to determine its efficacy and safety profile compared to emerging second-and third-line therapies. Multinational collaboration to define safety, treatment response, and failure of both conventional and second-line agents, as well as to develop standardized treatment algorithms for children with MS, would be invaluable.
